A topochemical molten salt synthesis (TMSS) method, which is rapid and a modification of the molten salt synthesis method (MSS), to facilitate crystal growth with improved phase-purity and particle homogeneity, is one of the strategic approaches aimed at a controllable morphology synthesis. The TMSS method is an environmentally friendly and mild way to prepare pure and controllable perovskites, which are famous functional materials, used as piezoelectrics, catalysts, ferroelectrics, multiferroics, and negative thermal expansion compounds, at a moderate reaction temperature in a short soaking time. This report reviews various TMSS reactions and their applications in fulfilling the demand for the tunable morphology of perovskite materials, such as one dimensional, two dimensional and three dimensional perovskites in molten salts, which mainly include: piezoelectrics, photocatalysts, negative thermal expansion matters and other functional perovskites. The double and layered perovskites obtained by TMSS methods are also discussed. We believe that a comprehensive understanding of the TMSS method for functional perovskites will definitely promote the development of a clean, efficient and tunable production process for advanced functional materials.
Introduction
Due to the advancements in modern technology, the study of molten salt synthesis (MSS) has achieved considerable progress, and lots of salts have been found by chemists.
1,2 MSS is one of the important issues especially for materials science. Salt melts have a long history as a solvent in research as well as in industry due to their low toxicity, low cost, low vapour pressure, abundant availability, high heat capacity, large electrochemical window, and high ionic conductivity. 3 They have been used as reaction media for various organic and inorganic reactions, and also as the ux for crystal growth. Although, in previous studies, great success has been achieved in the study of the reaction mechanism of MSS and the nature of the salts, it still remains a challenge to extend the method to control the morphology of the target sample due to the difficult shape-control of the product in the high temperature molten salts. Her research concerns the synthesis and characterization of functional solid compounds by the molten salt method. Recently, she has been focusing on impedance spectroscopy and negative thermal expansion (NTE) for perovskite complex oxides and the reaction mechanism in hydrometallurgical processes for minerals.
The topochemical molten salt synthesis (TMSS) method is a kind of modication of the MSS method. It is one of the environmentally friendly and mild ways to prepare pure and morphologically-controllable samples at a moderate temperature in a short soaking time. The morphology of the products can inherit that of the major solid-state raw materials via TMSS, that is, the shape and size of the as-synthesized compounds can be controlled by an appropriate choice of raw materials, salts, sintering temperature and reaction time. The TMSS method has the advantages of combining the molten salt method and the topochemical method, associated with the use of localized solid-state compound transformations via the exchange, deletion, or insertion of individual atoms. 4 Perovskites, a kind of famous functional materials, with potential as piezoelectrics, catalysts, multiferroics, solar cells and negative thermal expansion materials, have aroused much attention. 5 However, a high synthesis temperature and long reaction time are usually needed to obtain them. Meanwhile, it is reported that they have unique shape-dependent properties, and many experimental efforts have been made to prepare hollow spheres, tubes, rods, and wires, as well as sheets and platelets. The TMSS gives us a useful strategy to modify the properties of the functional perovskite materials by being dependent on the nature of both of the salts and the raw materials. The TMSS's low reaction temperature, short reaction time, tunable morphology allows a broad range of inorganic crystalline perovskites to be obtained. It is interesting to systematically discuss the TMSS method for the controllable morphology of functional perovskite compounds and the effect of the raw materials. The study on topochemical molten salt synthesizing for functionalized perovskite compounds is a new topic especially in the discipline of materials chemistry. It is timely to review the achievements and promote the development of TMSS applications for the future.
6,7
In the present review, various TMSS reactions and their applications in fullling the demand for tunable morphology perovskite materials, such as one dimensional, two dimensional and three dimensional perovskites in molten salts, are summarized and discussed. It should be noted that the dimension/microstructure of the target sample is inherited from the different fusing of the raw materials. Meanwhile, the functional perovskites, which mainly include: piezoelectrics, photocatalysts, negative thermal expansion compounds and other functional perovskites, obtained from the TMSS method are expounded upon, with the purpose of providing a brief overview of the topochemical molten salt synthesis method and its inuence on the energy efficiency, chemical composition or microstructure of the functional perovskite materials. In addition, the double and layered perovskites obtained by the TMSS methods and the perovskites synthesized by low temperature TMSS methods are also discussed. In the end, the possible further applications of the TMSS method for perovskites are predicted. We believe that a comprehensive understanding of the TMSS method for functional perovskites will denitely promote the development of a clean, efficient and tunable production process for advanced functional materials.
Morphology of perovskite compounds controlled by TMSS

The mechanism and method of the TMSS process
The synthesis of nanoscale structures with special morphologies has attracted extensive attention in the past two decades as a result of their novel size-dependent properties. Intense experimental efforts have been spent on preparing nanoparticles, nanowires, nanotubes, nanoplatelets and three dimensional particles of nanostructures. 8 The use of different types of "uxes", including low melting metals and salts, has in fact been extensively explored for the synthesis of metallic and non-metallic materials in the form of either single crystals or polycrystalline powders. [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] Compared to solid state reactions for which the rates are usually seriously limited by the slow diffusion of the reactants, the molten salt synthesis (MSS) method lowers the reaction temperature as it allows faster mass transfer transport in the liquid phase by means of convection and diffusion. As many salts by their nature dissolve in water, molten salt synthesis (MSS) has the advantage of easy isolation of the product.
1 It is known that target morphology control is still a challenge for the MSS method.
The TMSS route uses an inorganic salt heated above its melting temperature to serve as the solvent with partial solidstate raw materials. It is rapid, environmentally friendly and is similar to epitaxial growth, associated with using localized partial solid-state raw material transformations via the exchange, deletion, or insertion of individual atoms. In TMSS the morphology of the products can inherit that of the major refractory solid-state raw materials, that is the localized partial solid-state raw materials are used as self-templates. It should be pointed out that the partial solid-state raw materials or the precursors as templates should be refractory or micro-melting in the molten salts. It is interesting that, in some studies, pure samples could be obtained with controllable morphology in a few minutes. In contrast to the MSS, which needs a high solubility to obtain nanomaterials, the TMSS does not need all the precursors to be soluble and the reaction time is largely reduced. The involved schematic illustration of the topochemical molten salt method is summarized in Fig. 1 .
The equilibrium is set up for the TMSS method by the following reaction:
where the value of x, x 0 , y and y 0 are all greater than or equal to 0 and less than or equal to 1, and z is a positive integer. The performance of perovskite compounds in target applications is dramatically affected by the structure and morphology of the material. It is known that the shape of crystalline particles depends on their internal structure, which means that materials with a cubic structure will normally form isotropic particles.
23 Regular-perovskite structured materials typically grow as equiaxed particles so it is difficult to synthesize anisotropic particles using conventional methods. The TMSS method is one of the strategic approaches aimed at controllable synthesis, which is associated with using localized solid-state raw materials. This type of topochemical method based on molten salt synthesis has been carried out to prepare various perovskite compounds with one dimension (1D), two dimensions (2D), and three dimensions (3D), such as, rodlike KNbO 3 / (Na,K)NbO 3 using a Nb 2 Table 1 . Meanwhile, it is important to select the right molten salt system. It can be seen in Table 1 , that the typical molten salts are metal halides and oxygenated chemicals. The reaction temperature should be higher than the melting point of the molten salts. To achieve a lower melting point, mixtures of two or more salts are usually used which provides a wider operating temperature range. It has to be pointed out that in some reactions, the molten salts not only play a role as the ux, but also join the reaction through the presence of certain cations or anions, such that Zn 2+ from ZnCl 2
can also be precipitated in the products and ZnEu 2 Ti 3 O 10 was easily prepared by ion-exchanging K 2 Eu 2 Ti 3 O 10 in molten ZnCl 2 (melt point ¼ 283 C) at 300 C. 60 The equilibrium of it might be the following reaction:
One dimensional morphology
Nanorods, nanowires, nanotubes and other one dimensional materials have recently been investigated with increasing intensity as a result of their novel properties, 62 which open up new paths for applications in several elds such as electronics, sensing, catalysis, energy harvesting and information storage. A number of articles on 1D nanostructures have been published, 8, 26 providing an outline of the research directions for the synthesis and applications of the 1D nanostructures. For example, subwavelength optical microscopy employing a tunable nanometric light source based on KNbO 3 nanowires was developed by Yang and co-workers. 47 Despite the attractive applications of niobates, there are only a few reports on the synthesis of niobate 1D nanostructures by employing the hydrothermal approach.
47, 63 Wang et al. have used the TMSS approach for the synthesis of single-crystal sodium and calcium niobate nanorods (Fig. 2) . 24 The synthesis of sodium and calcium niobate nanorods is a two-step process. 
Two dimensional morphology
Two dimensional materials are materials in which the electron only has free movement in two dimensions, such as thin lms, super lattices and quantum wells. The discovery of graphene largely promoted the development of 2D materials, and many researchers focus on the 2D materials used in solar cells, piezoelectric materials, etc. 64 Recently, many efforts have been made to synthesize low dimensional perovskites, through techniques such as hydrothermal and molten salt synthesis (MSS), but the platelet perovskite particles are still not easily obtained due to the nature of regular-perovskite structured materials which typically grow as equiaxed particles. The TMSS method gives a route to obtain the 2D perovskites. 44, 65 For example, Saito et al. used the TMSS method to obtain plate-like NaNbO 3 particles as templates for h001i oriented (K,Na)NbO 3 -based ceramics (Fig. 3) . Firstly, a Bi 2.5 Na 3.5 Nb 5 O 18 (BiNN5) platelet was synthesized at 1100 C using molten NaCl salt as a ux. Then, using a TMSS reaction, a NaNbO 3 platelet was synthesized from the BiNN5 and a complementary reactant, Na 2 CO 3 , in a NaCl ux at 950 C. The by-product, Bi 2 O 3 , was removed. The synthesized NaNbO 3 had the same morphology as BiNN5, a 0.5 mm thickness and 10-15 mm side length in a developed area, and consisted of a single-phase with the 001 plane of perovskite, identied by JCPDS powder diffraction le card no. 33-1270. 44 The formation of the platelet NaNbO 3 might be as follows:
Three dimensional morphology
Materials with three dimensional morphologies, including composites consisting of one or more basic structural units in zero dimensional, one-dimensional, two-dimensional or porous materials, such as hollow spheres, 50 nickel foam 66 etc., have aroused much attention in the academic community and industry due to their unique microstructures and singular properties. The TMSS method has been used to obtain perovskites with 3D morphologies, for example, porous spherical and cubic LaMnO 3 from porous Mn 2 O 3 precursors in a mixture of NaNO 3 and KNO 3 . 59 There is another example, in which Xing et al. obtained KNbO 3 hollow spheres from Nb 2 O 5 hollow spheres via the TMSS method (Fig. 4) . 57 In the KCl molten salt, K + needed to diffuse inside the T-Nb 2 O 5 hollow spheres, and this process involved bond-breaking, rebonding, and the generation of new bonds. Viewed along the c axis of Nb 2 O 5 , the NbO 6 and NbO 7 units were corner-sharing, and in the perovskite KNbO 3 crystal, the NbO 6 octahedron units connected with shared corners along the a, b, and c axes. Therefore, although the small rods of the shell became cubelike, due to the high thermal stability of the Nb 2 O 5 hollow nanospheres and the compatability of the structure of the Nb 2 O 5 and KNbO 3 , the morphology of the hollow spheres could be kept and KNbO 3 hollow nanospheres were obtained.
Various functional perovskites synthesized by TMSS
The ABO 3 family with perovskite structure has aroused a broad interest since it was investigated in the 1970s. 67 They have important applications in elds such as piezoelectrics, photocatalysis, ferroelectrics, multiferroics, and negative thermal expansion materials (NTE). 68 The synthesis of these functional perovskites in the form of nano/micro crystalline powders and dened nanoscale architectures has been realized in different TMSS systems. Depending on the nature of the TMSS, low temperatures, short times, tunable morphologies, controllable stoichiometric ratios, and a broad range of inorganic crystalline structures of functional perovskites can be achieved.
Piezoelectric perovskites synthesized by TMSS
Piezoelectric materials can produce an electric eld upon mechanical deformation, and form mechanical deformation via the effect of the electric eld. 24, 44, 69 The inherent mechanical electric coupling effect means piezoelectric materials have been widely used in nanometer generators, 70 exible nanocomposite generators (Fig. 5) 72 based materials, arouse widespread interest. The piezoelectric properties are largely affected by the morphology and structure of the materials (Fig. 5a-e) , 45, 71 and the piezoelectric properties and morphology of the compounds can be tailored by the TMSS method. For example, the NaNbO 3 platelet, synthesized by the TMSS method, is used as a reactive template for textured (K,Na)NbO 3 -LiTaO 3 (-LiSbO 3 ) polycrystals synthesized by the reactive-templated grain growth (RTGG) method which exhibit a high piezoelectric constant d 33 of 416 pC N
À1
. 44 Rod-like ANbO 3 (A ¼ K, Na, (Na,K)) were fabricated by a TMSS method, shown in Fig. 6 . 25 The process is as follow: rst, the precursor KNb 3 product can only be achieved when using the rod-like Nb 2 O 5 precursor. The structural evolution investigated among protonic niobate, niobium oxide, and niobates, shows that the similar structure (three NbO 6 octahedra connected with shared corners and edges along the [001] direction) is the key to maintaining the morphology of the precursor. The (Na,K)NbO 3 ceramic sintered from the as-prepared rodlike particles under pressureless conditions in air performed with a high piezo-
), which is much better than that of the ceramics obtained from cubic or spherical particles (d 33 ¼ 97 pC N À1 ).
25
The reaction of the rod-like KNb 3 O 8 might be as follows: rst, the Nb 2 O 5 and KCl were reacted to produce KNb 3 O 8 . Then an ion exchange of the K + ion by the hydronium ion was observed according to the reaction:
Aerward, the H 3 ONb 3 O 8 was heated to remove H 2 O, which is depicted as follows:
The reaction for the formation of the KNbO 3 rods from the rodlike Nb 2 O 5 particles is as follows:
Photocatalysis perovskites synthesized by TMSS
Current synthetic challenges for the crystal growth of complex oxides can be addressed by utilizing TMSS methods, which have made a signicant impact in research involving solar energy conversion. 30, 52, 79 The improved phase-purity and particle homogeneity is in favour of enhancing photocatalytic properties. Early investigations into the photocatalytic activities of metal oxides utilized only high-temperature 'grind and heat' solid state syntheses to obtain the desired products. 80 Starting with the research of the Maggard group, the MSS of metal-oxide photocatalysts has been used increasingly to understand the impact of the particle sizes, morphologies, and the surface.
81,82
The TMSS preparation of perovskites has been of increasing importance in a growing number of studies probing photocatalytic mechanisms and the surface reactivities of photocatalysts, such as AgSbO 3 83 For example, AgSbO 3 visible-light photocatalysts were synthesized from NaSbO 3 nanoplates, which were prepared by salt-assisted aerosol combustion, via the TMSS method (Fig. 7) . 52 It was revealed that the surface chemistry and particle morphology inuenced the photocatalytic activity. Visible-light-induced photodegradation of RhB was selected as the model reaction to evaluate the photocatalytic properties of the different AgSbO 3 samples. AgSbO 3 prepared via the TMSS route exhibited a greater photoactivity for the photodegradation of RhB in comparison to the AgSbO 3 synthesized from the other method (Fig. 7e) . It can be predicted that further modications of the TMSS methods for tuning particle sizes, morphologies, and specic surface areas could be used to obtain other nano perovskites with highly desired optical and photocatalytic properties in future.
Negative thermal expansion (NTE) perovskites synthesized by TMSS
The thermal expansion compatibility of different components is one of the key problems for modern devices, such as thin lms, multilayer chip capacitors (MLCCs), solid oxide fuel cells, thermoelectric materials, and high temperature piezoelectrics. Thermal stress could give rise to device failure due to an undesirable mismatch of the coefficients of thermal expansion (CTE). The design of highly reliable devices should pay enough attention to the control of thermal expansion, which is extremely difficult, but an important topic. The size effect brings about unexpected phenomena upon thermal expansion. With decreasing particle sizes, NTE can be produced in those compounds which have normal thermal expansion in the bulk state, such as magnetic nanoparticles. 84 Moreover, giant NTE of ferroelectrics is lost and transformed to a positive thermal expansion, as particle size decreases. The development of TMSS can reveal the nature of NTE perovskites as the particle size, stoichiometric ratio and dispersity can be controlled via this chemical method. Perovskite type NTE materials were synthesized by the TMSS method, for example PbTiO 3 (ref. 36 ) and PbTiO 3 -based materials. 56 It should be mentioned that the effect of size on thermal expansion is just beginning to be studied. More interesting results will appear, and the research in this eld is signicant for the development of devices, as the nano/micro materials for devices become important. 
Other functional perovskites synthesized by TMSS
Other functional perovskites, such as multiferroic materials, catalysts etc. are also prepared via the TMSS method. For perovskite-type multiferroic materials, they have potential applications for new types of electronic devices, such as ferroelectrics, multiple-state memories and new data-storage media. [85] [86] [87] The synthesis method used to obtain the desired nanostructures is crucial for exploiting nanoscale electric, magnetic, and thermal properties. For example, for the multiferroic BiFeO 3 -based material, the limited available information relating to the size dependence of the physical properties is mainly due to the difficulty in preparing the pure BiFeO 3 -based material.
88 During the synthesis of BiFeO 3 , the kinetics of the phase formation in the Bi 2 O 3 -Fe 2 O 3 system can easily lead to the appearance of impurity phases, such as Bi 25 Furthermore, it is well known that the photocatalytic efficiency of a given semiconductor photocatalyst depends on three physical processes, including the light absorption, the transport of the charge carriers and the recombination of the photogenerated electron-hole pairs. The electronic band structure plays a critical role in the above processes. Furthermore, it was found that the electronic band structure of layered perovskites is able to be engineered. 96 (Fig. 8) , and it was found that the silver-exchanged RbA 2 Nb 3 O 10 layered structures exhibited the highest photocatalytic hydrogen formation rates under ultraviolet and visible irradiation ($13 616 mmol H 2 g À1 h À1 ). 55 
Conclusions and outlook
Synthesizing materials with the desired morphology and phase purity in a reproducible and environmentally friendly manner is arousing considerable attention in materials science all over the world. Aer two decades of studies on the topic of TMSS, there has been great progress in aspects of new TMSS processes for different perovskites. The new interdisciplinary eld of TMSS for perovskites has been reviewed. The mechanism of the TMSS method is also presented. The properties, such as, piezoelectric, photocatalytic, negative thermal expansion etc., and the different morphologies of perovskite compounds could be tailored by the TMSS method. Meanwhile, the double and layered perovskites can also be obtained by TMSS methods with a tunable morphology and a controllable stoichiometric ratio.
For future applications of TMSS in perovskites, there still exist some problems which have to be considered. For example, the solubility of different precursors and the understanding of the growth mechanisms of perovskites are still not fully developed; improved understanding of the chemical and physical properties and the crystal structures of the materials is called for. Further study of the TMSS method for tuning particle morphologies, size and crystallinity can be used to obtain other target morphologies of perovskites that are doped or have highly desirable piezoelectric, photocatalytic, negative thermal expansion properties etc. In addition, not limited to the preparation of perovskites, the TMSS method can be extended to obtain other kinds of functional materials, for example, a high voltage layered Li 1.2 Ni 0.16 Co 0.08 Mn 0.56 O 2 cathode material with a hollow spherical structure has been synthesized by the TMSS method in a NaCl ux from MnO 2 hollow spheres. 97 The development of lower melting temperature molten salts (ionic liquids) for the TMSS method is anticipated to guide us to new synthetic protocols.
